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Introduction {#sec001}
============

The clinical development of adoptive immunotherapy with natural killer (NK) cells has been facilitated by various *ex vivo* expansion platforms that yield cell doses sufficient to achieve some clinical efficacy \[[@pone.0191358.ref001]--[@pone.0191358.ref013]\]. These expansion platforms typically involve co-culture of freshly isolated NK cells with irradiated antigen-presenting cells or feeder cells which are themselves sensitive to NK cell killing \[[@pone.0191358.ref004]--[@pone.0191358.ref012]\]. In the process of feeder cell killing, NK cells expand robustly and also acquire increasingly activated phenotypes resulting in large numbers of highly activated NK cells capable of efficient tumor killing at low effector to target ratios.

To ensure the efficacy of these highly activated NK cells in cancer therapy, it is critical that these cells maintain their cytotoxic activity in vivo. A major obstacle in this regard is that the tumor micro-environment is enriched with several immunosuppressive cytokines, one of which is transforming growth factor beta 1 (TGF-beta) \[[@pone.0191358.ref013]--[@pone.0191358.ref018]\]. TGF-beta is produced in excess by tumor cells themselves, as well as by regulatory T cells, myeloid derived suppressor cells (MDSCs) and other stromal cells in the tumor microenvironment. Circulating TGF-beta levels ranging from 5ng/ml to \>20ng/ml have been described in both hematologic malignancies and solid tumor patients \[[@pone.0191358.ref019]--[@pone.0191358.ref023]\]. These levels are higher than seen in healthy volunteers and correspond with impaired cellular immunity \[[@pone.0191358.ref016]--[@pone.0191358.ref019], [@pone.0191358.ref024]--[@pone.0191358.ref026]\]. Levels below 1ng/ml have been described in the peripheral blood and bone marrow of healthy volunteers \[[@pone.0191358.ref024]\] while acute myeloid leukemia and myelodysplastic syndrome patients have levels ranging from 6 to 42ng/ml \[[@pone.0191358.ref021]\]. In a study of 45 colorectal cancer patients, Narai et al reported circulating total TGF-beta levels greater than 15ng/ml in patients with metastatic disease \[[@pone.0191358.ref020]\]. Those with liver metastases had the highest levels, up to 45ng/ml.

Pathologic levels of TGF beta have been shown to impair both the innate and adaptive cellular immunity of cancer patients \[[@pone.0191358.ref014],[@pone.0191358.ref025]--[@pone.0191358.ref028]\]. Postulated mechanisms by which TGF-beta impairs NK cell function include down-regulated expression of activating receptors like NKG2D and CD16 (the FCγR mediating antibody-dependent, cellular cytotoxicity (ADCC)) and cytokine mediators/enzymes. It also counteracts the NK pro-survival effects of IL-2 and stimulates further proliferation of regulatory T cells. Small molecule kinase inhibitors and monoclonal antibodies targeting the TGF-beta receptor have been explored as a means of enhancing cellular immune response pre-clinically \[[@pone.0191358.ref015],[@pone.0191358.ref027]--[@pone.0191358.ref029]\]. There is at least one active clinical trial exploring the combination of a TGF-beta receptor inhibitor, LY2157299 (Galunisertib, Eli Lilly) with the PD-1 monoclonal antibody Nivolumab, with a goal of enhancing the liberated T-cell response.

In the process of developing allogeneic adoptive transfer of NK cells as a therapeutic strategy against various malignancies, we have adopted *ex vivo* expansion of NK cells using antigen-presenting feeder cells. In the process of generating large cell yields during expansion, the resulting NK cells are also significantly more activated and better efficient at killing both liquid and solid tumor targets. Our hypothesis is that these highly activated NK cells will again have limited clinical efficacy in vivo after being continually exposed to the immunosuppressive, TGF-beta rich microenvironment of cancer patients following adoptive transfer. This will limit the clinical efficacy of such therapeutic endeavors. In this study we explored inhibiting TGF-beta signaling as a strategy to preserve and/or enhance the cytolytic efficacy of ex vivo expanded, highly activated NK cells in the TGF-beta rich milieu of myeloid leukemia and metastatic colon cancer.

Materials and methods {#sec002}
=====================

NK cell culture and activation {#sec003}
------------------------------

Procurement of peripheral blood samples from healthy volunteers with written informed consent for research use. The Institutional Review Board (IRB) of University Hospitals Cleveland Medical Center approved the procurement and use of blood samples for this study. Peripheral blood mononuclear cells (MNCs) were separated into buffy coats following density gradient centrifugation of whole blood over Ficoll-Paque Plus (GE Healthcare Life Sciences). MNCs were subjected to CD3 depletion followed by CD56 enrichment using MACS human CD3 depletion and human NK cell enrichment kits respectively according to the manufacturer's instructions (Miltenyi Biotech). The CD3-, CD56+ NK cells (\>98% purity confirmed by flow cytometry) were either incubated overnight in media supplemented with IL-2 (GoldBio) for next day assays or were expanded over 14 days in co-culture with irradiated feeder cells (K562-mbIL21) and IL-2 (50U/mL) as described by Somanchi et al \[[@pone.0191358.ref009]\]. NK cells were subsequently maintained in IL-2 supplemented media either alone or in combination with human TGF-beta 1 (Cell Signaling) at 5-10ng/ml for up to 96 hours. The base medium was RPMI 1640 + Glutamine 2.05mM (HyClone), 10% Cosmic Calf Serum (HyClone) and 1% penicillin-streptomycin.

Immediately prior to all in vitro assays, NK cells were centrifuged out of cell culture and resuspended in fresh media to remove continued IL2, TGF beta or LY2157299 exposure of the NK cells and their co-cultured targets.

Cytotoxicity assay {#sec004}
------------------

NK cell cytotoxicity against various cancer cell lines was obtained using a quantitative flow cytometry assay. Cancer cells used were a myeloid leukemia (HL60), and colon cancer cell lines (HCT116 and HT29) cultured in the base medium described above and all were obtained from ATCC. Target cells were labeled with Calcein-AM (Calbiochem) and then co-incubated with NK cells at varying effector (NK cell) to target ratios. 10,000 target cells were used per triplicate well for all experiments. At the end of 4 hours incubation, the number of live CAM-labeled target cells per 100uL of cell suspension was quantified by rapid flow cytometry with an Attune NxT flow cytometer (Thermo Fisher Scientific). Cytotoxicity results are expressed as the proportion of Calcein-AM (CAM) bright cells.

NK Cell Cytotoxicity = (Number of CAM bright cells in a target cell alone well *minus* Number of CAM bright cells in NK + target co-culture) *divided by* Number of CAM bright cells in a target cell alone well.

NK cell phenotyping {#sec005}
-------------------

In cell culture assays NK cells were phenotyped by flow cytometry for CD16 and NKG2D at various time points using anti-CD56-APC (BD-Biosciences), and anti-CD16-PE (BD-Biosciences). Antibody staining of single cell-suspensions was performed by manufacturer's instructions/protocol. Stained cells were analyzed by flow cytometry.

ELISA assays {#sec006}
------------

Quantification of human IFN-gamma, TNF-alpha, Perforin and Granzyme B was performed using commercially available ELISA kits (R&D signaling). For IFN-gamma and TNF-alpha quantification, cell-free supernatants were collected after 4h of co-incubation at 37°C of 40,000 NK cells and 10,000 colon cancer cells (HT29). For Perforin and Granzyme B quantification, cell-free supernatants were collected after 2h of co-incubation of 10^6^ NK cells and 10^6^ HL60 cells. Results shown are the means of triplicate wells ± standard deviation measurements. Active human TGF-beta levels were measured in the serum of human colon cancer murine xenografts following the manufacturer's protocol (R&D signaling). To prepare mouse sera for the TGF-beta assay, cardiac blood collected immediately following mouse euthanasia was transferred to pre-cooled micro-centrifuge tubes containing EDTA and centrifuged for 30 min at 1,500g at 4°C. The supernatant plasma was collected and stored in micro-centrifuge tubes at -80°C. Samples were thawed at room temperature on the day of TGF beta assay.

Colon cancer liver metastases mouse model and human NK cell adoptive transfer {#sec007}
-----------------------------------------------------------------------------

100,000 HCT116 cells were surgically implanted into NSG mouse spleens (following hemi-splenectomy); 4 groups, 3 mice/group. The control group received tail vein injections of 3% FBS/PBS and twice daily oral gavage of inhibitor carrier. A TGF-B inhibitor only group received tail vein injections of 3% FBS/PBS and twice daily oral gavage of LY2157299 (TGF-beta inhibitor) at a dose of 75mg/kg twice daily for 2 weeks. A third group (NK alone) received 5 x 10^6^ NK cells each (tail vein), weekly for two weeks, starting 10 days after hemi-splenectomy. The fourth group (NK + TGF-B inhibitor) received 5 x 10^6^ NK cells each (tail vein), weekly for two weeks, starting 10 days post-op and the TGF-beta inhibitor LY2157299 by oral gavage twice daily at 75mg/kg for two weeks. Mice receiving NK cells also received IL2 (75,000U IP) three times a week (MWF) for two weeks. The vehicle for LY2157299 was constituted per manufacturer (Eli Lilly) instructions \[[@pone.0191358.ref030]\]. The vehicle for mouse injections (cells and IL2) was sterile filtered PBS with 3% calf serum.

This study was carried out in strict accordance with recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. Mouse surgeries were performed under ketamine/xylazine anesthesia, and all efforts were made to minimize suffering in the peri-operative period and during oral gavaging including post-operative analgesia per institutional guidelines. All mice were euthanized at a pre-determined end point 1 week after the second NK cell infusion in treated mice. Euthanasia was performed using carbon dioxide asphyxiation followed by cervical dislocation. All procedures used in mouse care, surgeries and euthanasia for the purpose of this study were approved by the Institutional Animal Care and Use Committee of Case Western Reserve University.

Statistical analysis {#sec008}
--------------------

All continuous measurements (NK cell expression of CD16, NKG2D, and change in cytotoxicity during in vitro studies were compared using the student T-test between two groups (control NK cells were reference sample). Tumor burden measurements computed from imaging in colon cancer liver metastasis xenograft was compared using ANOVA among groups (≥ 3). P-values demonstrated are at significance levels of 0.05 for two-tailed hypotheses. Chart indicators for p-values are \* if \<0.05; \*\* if ≤0.01, \*\*\* if ≤0.001, \*\*\*\* if ≤0.0001 and ns if ≥0.05

Results {#sec009}
=======

Ex vivo expansion of NK cells leads to increased cytotoxic activity against leukemia and colon cancer {#sec010}
-----------------------------------------------------------------------------------------------------

Ex vivo expanded NK cells exhibit increased cytotoxic activity against colon cancer and myeloid leukemia cells. We compared the cytotoxic function of freshly isolated NK cells which were overnight activated in IL2 with NK cells from the same donor that were expanded for 2 weeks using irradiated K562mIL21 feeder cells. The expanded NK cells were more efficient at killing both colon cancer and myeloid leukemia cells. For example at a 1:2 NK cell to target cell ratio, there was 24% killing of HCT116 cells as compared to 2% killing with fresh NK cells; p = 0.043 ([Fig 1A](#pone.0191358.g001){ref-type="fig"}). Overnight-activated NK cells required an effector to target ratio of 5:1 to achieve 50% killing while expanded cells achieved this at 2:1 ratio. In addition to HCT116 cells, expanded NK cells also exhibited high cytotoxicity on HT29 cells ([Fig 1B](#pone.0191358.g001){ref-type="fig"}). At a 1:1 ratio using 3 different NK cell donors, the expanded NK cells killed 45--86% of HT29 cells ([Fig 1B](#pone.0191358.g001){ref-type="fig"}). This cytotoxic effect was significantly better than the overnight activated NK cells which killed 4--28% of the HT29 cells. Again, expanded NK cells demonstrated superior killing efficiency at 4:1 ratios, with \>90% killing across all donors at a 4:1 ratio as compared to 29%-40% using fresh NK cells ([Fig 1C](#pone.0191358.g001){ref-type="fig"}).

![Expanded NK cells demonstrate increased cytotoxicity against HCT116 and HT29 cells as compared to fresh, IL-2 activated cells.\
The indicated NK cells were assessed for cytotoxic activity against target cancer cells using a calcein AM flow cytometry assay following 4 hours co-incubation. (A) Percentage cell death of HCT116 cells induced by NK cells at the indicated Effector:Target cell ratios. (B and C) Percentage HT29 cell death induced by NK cells from 3 individual healthy donors at Effector:Target ratios of 1:1 (B) and 4:1 (C). Bars represent data using IL2-activated NK cells (FRESH) and following expansion of NK cells from the same donor (EXPANDED). \*p\<0.05; \*\*p≤0.01; \*\*\*p≤0.001; \*\*\*\*p≤0.0001; ns p≥0.05.](pone.0191358.g001){#pone.0191358.g001}

Exposure to pathologic TGF-beta levels impairs expanded NK cell function in a time-dependent manner {#sec011}
---------------------------------------------------------------------------------------------------

At TGF-beta levels similar to that found in AML patients (5ng/ml), NK cell killing of the myeloid leukemia cell line HL60 was progressively impaired at 24 hours (11--14% decrease, p = 0.002), 72 hours (33--41% decrease, p\<0.0001) and 96 hours exposure (70--78% decrease, p\<0.0001) ([Fig 2A](#pone.0191358.g002){ref-type="fig"}). This reduced cytotoxic activity correlated with an NK cell receptor phenotype consisted with less active NK cells. For example, there was a 65--68% decline in NKG2D expression as early as 24 hours in the NK cells ([Fig 2B](#pone.0191358.g002){ref-type="fig"}; p = 0.005). CD16 expression did not change in the first 24 hours of exposure but decreased by 56% at 96 hours ([Fig 2C](#pone.0191358.g002){ref-type="fig"}; p = 0.037). There was no appreciable difference by increasing the TGF-beta ligand concentration from 5ng/ml to 10ng/ml ([Fig 2B and 2C](#pone.0191358.g002){ref-type="fig"}).

![Sustained exposure to pathologic levels of TGF-beta impairs the function of highly activated, expanded NK cells.\
After 2 weeks of expansion, NK cells were maintained in culture supplemented with 200U/ml IL2 with or without TGF-beta at 5ng/ml and 10ng/ml. (A) Change in cytotoxicity of expanded NK cells against HL60 cells (4:1 ratio) following exposure to indicated doses of TGF-beta after 24h, 60h and 96h. Change presented is in comparison to NK cells maintained without TGF-beta. (B and C) Change in activated phenotype following 24h and 96h exposure to the indicated doses of TGF-beta as compared to control NK cells. Change in proportion of NK cells expressing NKG2D (B) and CD16 (C) are shown. T: TGF-beta ligand. \*p\<0.05; \*\*p≤0.01; \*\*\*\*p≤0.0001; ns p≥0.05.](pone.0191358.g002){#pone.0191358.g002}

TGF-beta inhibition maintains the function of expanded NK cells despite sustained exposure to pathologic TGF-beta levels {#sec012}
------------------------------------------------------------------------------------------------------------------------

We assessed the phenotype and cytotoxic function of ex vivo expanded NK cells treated with TGF-beta alone or in combination with LY2157299, a clinically used oral small molecule kinase inhibitor of TGF-beta receptor 1. Despite continued exposure to TGF-beta, the 'activated' NK cell phenotype consisting of NKG2D+CD16 bright NK cells was preserved by the addition of LY2157299 ([Fig 3A](#pone.0191358.g003){ref-type="fig"} to 3D). NKG2D expression was decreased by approximately 53% at 24 hours and 61%-72% by 72 hours with TGFbeta alone; p = 0.025 and 0.035 respectively ([Fig 3A and 3B](#pone.0191358.g003){ref-type="fig"}). This change was significantly ameliorated at 24 and 72 hours after treatment with the addition of LY2157299 (p = 0.029 and 0.012 respectively). A change in CD16 expression was not evident at 24 hours ([Fig 3C](#pone.0191358.g003){ref-type="fig"}) but was decreased by 11%-43% by 72 hours ([Fig 3D](#pone.0191358.g003){ref-type="fig"}); p = 0.071. These changes were again prevented by the addition of LY2157299.

![Inhibiting TGF beta signaling using the small molecule kinase inhibitor LY2157299 preserves the cytotoxic function of expanded NK cells, even after sustained exposure to pathologic levels of TGF-beta.\
After 2 weeks of expansion, NK cells were maintained in culture supplemented with 200U/ml IL2 alone or in combination with TGF-beta 1 (5ng/ml) and/or LY2157299 (5uM) for the indicated times and tested by flow cytometry and cytotoxic assays. (A, B, C and D) Mean fluorescence intensity (MFI) of NKG2D after 24h (A) and 72h (B); and for CD16 after 24h (C) and 72h (D). (E, F, G and H) Change in cytotoxicity compared to control NK cells (not treated with TGF-beta or LY2167299) against HT29 cells at 24h (E) and 72h (F); and against HCT116 at 24h (G) and 72h (H). Individual results from three different donors using NK to target ratios of 1:1 are presented in each figure. (I) Similar 72 hour results using NK cells obtained from two donors is shown against HL60 cells using NK to HL60 ratios of 1:1 and 4:1. T: TGF-beta; G: LY2157299. \*p\<0.05; \*\*p≤0.01; \*\*\*p≤0.001; \*\*\*\*p≤0.0001; ns p≥0.05.](pone.0191358.g003){#pone.0191358.g003}

We also measured killing of colon cancer and leukemia cell lines by the ex vivo expanded NK cells in the presence of TGFbeta and/or LY2157299. At a NK to target ratio of 1:1, TGF-beta exposure resulted in a 54%-73% decrease in killing of HT29 cells ([Fig 3E](#pone.0191358.g003){ref-type="fig"}) after 24 hours and 9--77% after 72 hours ([Fig 3F](#pone.0191358.g003){ref-type="fig"}) The addition of LY2157299 preserved the cytotoxic function of NK cells in the presence of TGF-beta ligand, and a modest gain of function in cells from one donor. Changes in NK cell cytotoxicty after 24 hours exposure to TGFbeta were more modest against HCT116; -9%, -53%; and -13% in individual donors ([Fig 3G](#pone.0191358.g003){ref-type="fig"}). After 72 hours TGF-beta exposure, a more marked decrease in cytotoxic activity against HCT116 was noted; -67%, -13% and -29% ([Fig 3H](#pone.0191358.g003){ref-type="fig"}).

Against HL-60 cells, there was a 54%-64% decrease in NK cell mediated killing after 72 hours with TGF-beta exposure at a 1:1 NK cell to target ratio ([Fig 3I](#pone.0191358.g003){ref-type="fig"}). Increasing the NK cell ratio to 4:1 was still associated with roughly a 40% decrease in cytotoxic function. Again, the addition of the TGF-beta inhibitor LY2157299 preserved the high cytotoxic function of these NK cells.

The production of TNF-alpha and IFN-gamma by these otherwise highly activated NK cells was also significantly impaired following TGF-beta exposure. During co-culture with HT29 cells, NK cells previously incubated with TGF-beta released 40% less TNF-alpha; p = 0.0007 ([Fig 4A](#pone.0191358.g004){ref-type="fig"}) and 19% less IFN-gamma than control NK cells; p = 0.069 ([Fig 4B](#pone.0191358.g004){ref-type="fig"}). Compared with control NK cells, TGF-beta treated NK cells maintained in culture with LY2157299 showed a slight trend to increased production of TNF-alpha (1.25-fold, p = 0.05) and IFN-gamma (1.06-fold, p = 0.4). In addition to functional cytotoxicity assays, we measured the release of Perforin and Granzyme B by NK cells co-cultured with a leukemia target cell line (HL60). We again noted a decrease in the levels of both perforin (by 57%; p\<0.00001) and granzyme B (by 38%; p\<0.0001) by NK cells exposed to TGF beta ligand ([Fig 4C and 4D](#pone.0191358.g004){ref-type="fig"})

![TGF-beta signaling impairs the production of TNF-alpha, IFN-gamma, Perforin and Granzyme B by ex vivo expanded NK cells.\
Functional assay of expanded NK cells after 72h exposure to 5ng/ml TGF-beta ligand by measuring release of TNF-alpha and IFN-gamma into the supernatant at the end of a 4hr cytotoxicity assay. ELISA quantification of TNF-alpha (A) and IFN-gamma (B) in the supernatant of 40,000 NK cells co-cultured with 10,000 HT29 cells/well. ELISA quantification of perforin (C) and granzyme B (D) release after 2 hours of co-culturing 10^6^ NK cells with 10^6^ HL60 cells are presented. All assays presented are results of triplicates. T: TGF-beta; G: LY2157299. \*\*\*p\<0.001; \*\*\*\* p≤0.0001; ns p≥0.05.](pone.0191358.g004){#pone.0191358.g004}

TGF-beta inhibition results in superior tumor eradication by highly activated NK cells in a metastatic colon cancer mouse model {#sec013}
-------------------------------------------------------------------------------------------------------------------------------

We examined the therapeutic efficacy of ex vivo expanded NK cells in an immunodeficient mouse (NSG) model of colon cancer liver metastasis using HCT116 cells. Four weeks after splenic implantation of HCT116 cells all mice were euthanized. At autopsy, control and LY2157299 alone mice had hemorrhagic ascites and grossly enlarged livers, riddled with metastatic deposits without evidence of normal liver tissue ([Fig 5A](#pone.0191358.g005){ref-type="fig"}); panel 1 and 2. Mice treated with NK cells alone also had gross evidence of liver metastases however nodule burden was less and there was some morphologic evidence of normal liver architecture ([Fig 5A](#pone.0191358.g005){ref-type="fig"}); panel 3. Mice that received NK cells and LY2157299 had mostly normal liver morphology with rare gross nodules ([Fig 5A](#pone.0191358.g005){ref-type="fig"}); panel 4. H&E stains of liver sections for all 3 mice per group were consistent with gross anatomy ([Fig 5B and 5C](#pone.0191358.g005){ref-type="fig"}). Quantification of the tumor burden showed a 25% decrease in mice treated with NK cells alone (p\<0.05) and by approximately 90% in those treated with NK cells and LY2157299; p\<0.001 ([Fig 5C](#pone.0191358.g005){ref-type="fig"}). Of note, circulating human TGF-beta levels (active) in the mice of all treatment groups was an average of 10.98pg/ml + 1.736pg/ml. These levels are comparable to serum levels of active TGF-beta in colorectal cancer patients. \[[@pone.0191358.ref020]\]

![TGF-beta inhibition enhances activated NK cell function in a colon cancer model of liver metastases.\
A liver metastases model of colon cancer xenograft using HCT116 cells was established. All mice were autopsied at 32 days after cell injection and H&E sections were obtained. Tumor burden on H&E sections was measured for each mouse liver. (A) Autopsy findings of gross liver morphology in one representative mouse from each of the four treatment groups. (B) Representative light microscopy of H&E stained liver sections. (C) Average tumor burden in H&E stained liver sections (N = 3 mice/group) was quantified using the VENTANA digital Image viewing software. \* p \<0.05; \*\*\* p ≤0.001.](pone.0191358.g005){#pone.0191358.g005}

TGF-beta inhibition enhances NK cell infiltration into liver tissue in colon cancer metastasis model {#sec014}
----------------------------------------------------------------------------------------------------

In our metastatic colon cancer xenograft, we examined FFPE liver sections for NK cell infiltration using immunohistochemistry for human specific CD45 antibody. Mice that received NK cells in addition to LY2157299 had an average of 82 infiltrating NK cells per 10X field compared to an average of 8 cells in similar fields in mice that did not receive TGF-beta inhibition; p = 0.0036 ([Fig 6](#pone.0191358.g006){ref-type="fig"}). Of note, mice were necropsied 14 days after the last of two NK cell infusions and 9 days after the last dose of LY2157299. Pictures of representative sections are provided in [S1 Fig](#pone.0191358.s005){ref-type="supplementary-material"}.

![Robust NK cell infiltration into liver tissue observed in mice who received TGF-beta inhibition in addition to NK cell infusion.\
FFPE sections of liver tissue from mice with metastatic colon cancer were subjected to immunohistochemistry with human specific CD45. Manual counts of CD45 positive cells (NK cells) was done in four representative 10X fields using the VENTANA digital image viewing software. Mice that received NK cells alone (NK only) and NK cells with LY2157299 (NK+G).](pone.0191358.g006){#pone.0191358.g006}

Discussion {#sec015}
==========

Despite the promise of NK cell therapy, the approach has been limited due to several factors including challenges in generating sufficient levels of NK cells for infusion as well as difficulties in maintaining a high level of activity in vivo of the infused cells. The development of robust feeder cell lines for ex vivo NK cell expansion has enabled the production of massive doses of NK cells \[[@pone.0191358.ref004]--[@pone.0191358.ref012]\]. These strategies include the use of antigen presenting cells as stimuli for NK cell activation and subsequent proliferation. As an example, the K562-mbIL21 cells used in our study are K562 cells transduced to express membrane-bound interleukin 21 and 4-1BB ligand resulting in up to 21,000 fold proliferation of NK cells after three weeks co-culture \[[@pone.0191358.ref009]\]. Besides a high level of expansion, an added advantage of ex vivo expansion is that the resulting NK cells are also significantly activated compared to resting NK cells and are more efficient at killing cancer targets. Consequently, it becomes even more pertinent to ensure that these highly activated killer cells remain protected from the immunosuppressive tumor microenvironment after infusion. Studies have shown that the tumor microenvironment produces high levels of factors such as IL-10 and TGFbeta leading to NK cell dysfunction \[[@pone.0191358.ref012]--[@pone.0191358.ref023],[@pone.0191358.ref025]\].

In this report we show that TGF-beta inhibition with a clinically used agent, LY2157299, can effectively mitigate TGF-beta-mediated NK cell dysfunction using in vitro and in vivo model systems of leukemia and colon cancer. We have demonstrated that the marked impairment in function of highly activated NK cells starting from 24 hours exposure to a TGF-beta rich milieu correlates with a significant decrease in expression of the activating receptors NKG2D and CD16. Inhibiting TGF-beta signaling in this setting maintained the activated phenotype of these NK cells and resulted in more effective NK cell-mediated eradication of colon cancer liver metastases in a mouse model.

LY2157299 and TEW-7197 are the only two small molecule inhibitors of TGF-beta receptor 1 currently in clinical trials for various malignancies, particularly advanced stage, solid tumors like pancreatic, prostate and hepatocellular carcinoma \[[@pone.0191358.ref030]--[@pone.0191358.ref032]\]. These trials are either ongoing or recently completed with results not yet published. For our current research we chose the compound LY2157299 as it is further along in clinical development and the safety/pharmacokinetic profile has been well characterized in the aforementioned cancer trials as well as in healthy individuals (NCT01965808). There are now clinical trials aimed at enhancing the effector T cell response from checkpoint blockade via TGF-beta inhibition by combining LY2157299 with Nivolumab in various advanced solid tumors (NCT02423343) and with Durvalumab in pancreatic cancer (NCT02734160). There are also ongoing trials of adoptively transferred NK cells predominantly for hematologic malignancies without complementary TGF beta inhibition. From our current study, we propose complementing adoptive transfer of NK cells with such TGF-beta inhibiting agents to maintain these cells in their highly activated state and ensure better clinical efficacy. We have focused now on colon cancer and leukemia models; in future studies we will assess the general applicability of this strategy for other tumor types.
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